The behavior of compressional or P-wave velocity passing through natural porous rocks with heterogeneous and irregular shapes of the pore system is not well understood. The present study implemented a modified Kozeny equation to characterize pore attributes, pore geometry and structure, in an attempt to investigate factors influencing the velocity. This equation is in the form of a power law one from which a concept of similarity in pore attributes can be derived. Employing a large number of data of porous sandstones, the results show that a similarity in the pore attribute plays an important role in relating the velocity with the details of geometry and structure of the pores system. For a given group of rocks having similar pore structure, an increase in the pore geometry variable, (k/φ) 0.5 , tends to increase the velocity provided that the increase in the geometry is due to an increase in permeability followed by a decrease in porosity. Overall, the prediction of P-wave velocity is best obtained when the rocks are grouped according to pore structure similarity.
Introduction
The main problem of defining the relation of wave velocity of porous rocks with petrophysical properties is that the heterogeneities of rocks are closely associated with the geological processes that formed the rocks. Variations in the geological processes associated with the deposition and diagenetic process control the rock texture (grain size, uniformity of grain size and grain arrangement), the type of minerals, and clay content which in turn affects the size, shape and relationships or connectivity between the pores. Types, content, shape, and composition of the material produce different grain distributions so that the geometry and pore structure are also different. The complexity of the pore geometry and pore structure will influence the velocity variations in wave propagation.
Many investigators have specifically identified the detailed characteristics of the solid part and the pores of sandstones that influence on wave velocity. One of them (Han et al., 1986) , found that the most important parameters that affect wave velocity in shaly sandstones are porosity and clay content. Later, Nur et al. (1995) defined so called critical porosity for which a given class of porous material will lose its inter-grain contacts. The value of critical porosity of a porous rock is determined by its common mineralogy, grain sorting and angularity, and subsequent diagenetic processes after deposition (Mavko et al., 2009 ). The use of knowing the critical velocity of a group of rocks is to obtain a better relation between the wave velocity and porosity. geological data can carry information about the complexity of pore geometry and structure. Therefore, the behavior of wave velocity of porous rocks can be recognized by only measuring porosity, permeability, and wave velocity on the rocks in the attempt to study the effects of pore attributes on the wave velocity. The main objective of this study is to investigate the responses of acoustic wave velocity with the changes of pore geometry for porous rocks having similar pore structure and the changes of pore structure for those of similar pore geometry. The present study focuses on dry P-wave velocity measured on sandstone core plugs of various both pore geometries and pore structures.
Method and Data

Pore Geometry and Pore Structure
Permadi and Susilo (2009) and Wibowo and Permadi (2013) developed an approach for rock grouping based on the relationship between pore geometry and pore structure. Pore geometry here is simply an equivalent to mean hydraulic radius (Harmsen, 1955) and pore structure is a pore attribute that is influenced by pore shape, pore tortuosity, and internal surface area which all make up the architecture of pores system.These all are combined and desribed in an equation introduced by Kozeny (1927) . His widely known equation can be re-written in two forms as follows Susilo, 2009 and Wibowo and :
and
Thus, replacing the variable 1/(F s τS b 2 ) in Eq. (1) with (k/φ 3 ) and taking φ outside the bracket in the right hand side of Eq. (1) as a constant φ' yields the following equation:
where k is permeability, φ is porosity and φ' is a constant as described in Eq. (4) below, s F is shape factor,τ is tortuosity, and b S is specific internal surface area with reference to bulk volume. The variable (k/φ) 0.5 is so called as pore geometry variable and (k/φ 3 ) is pore structure variable. Plotting (k/φ) 0.5 as dependent variable against (k/φ 3 ) as the independent variable would yield a straight line with a positive slope, 0.5 according to Eq. (3). It should be recalled that the Kozeny equation was originally developed by considering a porous medium as a bundle of smooth tortuos capillaric tubes. Harmsen (1955) then defined the term mean hydraulic radius for (k/φ) 0.5 which was previously used by Leverett (1940) to normalize capillary pressure curves.
Treating the rocks as a part of the nature that obeys the power law behavior, Equation (3) may be written in a more general form, a power law equation:
where a, which wasφ' in Eq. (3) above, is a constant that is interpreted as a correction factor for volumetric fluid flow efficiency for irregular pore systems and b is the power law exponent, an indicator of the complexity of pore structure. The maximum value of b is 0.5 for smooth capillaric systems as described above. For natural porous rocks having similar microscopic geological features, it was shown that the value of b is less than 0.5. The lower b value, the more complex the pore structure.
Data and Wave Velocity Measurement
Two data sets of sandstone samples used in this study include routine core analysis consisting of permeability, porosity, lithology description, special core analysis data, and sedimentology analysis data such as petrographic (thin section) and XRD data. Wave velocity data were obtained from laboratory measurements on the rock samples by using SonicViewer-SX equipped with pizoelectric transducers to measure the P-waves and S-waves velocity.
The cores for data set 1 were obtained from the North West Java Basin. As many as 215 core plugs with a diameter of 1 inch and the length ranging from 1. Vol. 10, No. 8; 2016 was deposited on the deltaic-transition zone environment. Talangakar Formation is dominated by fine to coarse grained sandstone interspersed with shale, siltstone, coal and limestone. All samples are dominantly composed of mineral quarzt. The porosity ranges from 5.6 to 39.31 %, while the permeability is between 0.04 and 5,153 mD, and the grain density ranges from 1.84 to 2.90 gr/cc.
The sandstone samples for data set 2 were originated from the Kutai Basin. As many as 430 core plugs with a diameter of 1 inch and the length ranging from 1.6 to 6.5 centimeters were provided for this study. The sandstone obtained from Balikpapan Formation, aged Middle Miocene until Late Miocene was deposited on the deltaic plain-deltaic front environment. Balikpapan Formation is dominated by fine to coarse grained sandstone interspersed with claystone, shale, and coal. All samples are composed of the dominant mineral quartz. The porosity ranges from 4.5 to 36.9 %, while the permeability is between 0.05 and 5504 mD, and the grain density ranges from 1.91to 3.34 gr/cc.
Wave velocity measurements on the 645 core samples were measured in the laboratory on dry conditions, at atmospheric pressure (1 atm or 0.101 Mpa) and room temperature (25 °C). Before measurements, the core samples were dried at 150 o F for 12 hours. Acoustic wave velocity was measured using SonicViewer-Sx (see Figure 1 ), which is equipped with two pairs of pizoelectric transducer to measure the P-wave velocity (V p ) and S-wave velocity (V s ). The results of P-wave velocity (V p ) measurements have a range of values between 1146 and 4339 m/s, while the S-wave velocity (V s ) measurements ranges from 798 to 2714 m/s. Figure 1 . The equipment for ultrasonic measurement P-wave velocity was measured by sending signals from the P-wave transducer on one side of the core sample and the P-wave signal was recorded by the transducer on the other side of the core samples. Velocity was obtained by dividing the measured transit time of the recorded signal with the length of the core sample. S-wave velocity was measured in the same manner using S-wave transducer (see Figure 2) . Calibration to the equipment used here was always made before and after measurements of P and S-wave of www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 8; 2016 velocity on the core samples by employing standard core samples of Berea Sandstone. At the very begining of the experiment, calibration was carried out to ascertain the consistency of the equipment in measuring P and S-wave velocity so that any anomaly caused by the equipment during the course of measurements can be detected earlier. Figure 3 shows the results of calibration that indicate a good consistency with a standard deviation for P-wave and S-wave velocity is 32 m/s and 11.8 m/s, respectively. Figure 3 . Mean, median and standard deviation results of measurement P-waves velocity and S-wave velocity of Berea Sandstone
Results and Discussion
Rock Grouping Based on Microscopic Geological Features
According to Eq. (4), pore geometry variable (k/φ) 0.5 and pore structure variable (k/φ 3 ) were determined by employing the data of routine core analysis of all the core samples. Rocks grouping were conveniently performed by applying the rock type chart published by Wibowo and Permadi (2013) . The results are shown in Figures 4 and 5, respectively, for sandstone data set 1 and sandstone data set 2. As can be seen in these figures, all the data points of each data set cover eleven rock type lines. All the data points falling on and closer to a line are grouped to be a distinguished rock type that is differentiated from the other groups. This is the basis for sorting all the rock samples to establish the rock groups or the so called rock types for further analysis. Referring to these figures, it should be noted that the larger the rock type number the lower the slope of the line, the more complex the pore structure, resulting in poorer quality of the rock type. The regression equations for each group are shown in Table 1 . Figure 4 . Identification of the rock type based on pore geometry and pore structure for data set 1 Figure 5 . Identification of the rock type based on pore geometry and pore structure for data set 2 
The use of available petrographic analysis data was to identify the relationship between microscopic geological features and the rock types established. The analysis to relate the P-wave velocity data with the pore geometry and pore structure, as well as with the geological components, was than made.
After grouping all the rock samples for each data set, identification of each rock type based on the microscopic geological features was carried out. The results are exhibited in Tables 2 and 3 , the second column, indicating that the dominant influence on rock typing of the sandstones is rock texture which includes grain size, sorting, angularity and grain roundness. The images shown in last column of the tables may help in identifying typical the grains size of each rock type. In particular, among the first three rock types of each data set, the differences in the grain size are clearly observed. The rock types having very good to excellent permeability and porosity are those composed of larger grains size and dominated by quartz with kaolinite as the main cementing material. These rock types have members with relatively large pore geometry or high mean hydraulic radii and simpler pore structures. Other factors that determine the rock samples in the position of rock typing are the results of diagenetic processes. The presence of illite minerals and some other minerals such as chorite, phyrite and calcite tend to degrade the quality of the rocks. Having such mineral contents, the complexity of pore structure of the rocks usually gets higher. The rock samples located in even lower quality rock types are those with grains being cemented by calcite and dolomite, causing the increases of rock hardness. Line A -B drawn in Figure 4 and 5 is to indicate that, for a given rock type, the mean hydraulic radius increases toward point B and all the rock members of the rock type have similar tortuosity that can be represented by a single J-Function curve. This refers to El-Khatib (1995) showing mathematically that tortuosity τ is ½(1/J 2 )dS. For the rock samples used in the present study, the capillary pressure data available support this theory. Figures 6 and 7 demonstrate a specific characteristic of the rock types for sandstone data set 1 and sandstone data set 2, respectively. As can be seen in these figures, each rock type tends to have its own J-Function curve that can be distinguished from the others. Now, for a rock type, the pore structure variable in Eq. (1) or Eq. (2) is controlled by pore shape factor F s and specific internal surface area S b . Since both (k/φ) 0.5 and 1/S b are characteristic of length, 1/S b may be said as the scale for the length (k/φ) 0.5 . Furthermore, according to the fractal theory (Peitgen et al., 2004) if the porous natural rocks obey the power law behavior as represented by Eq. (4) then the exponent b is the exponent of self similarity. One may deduce, therefore, that all the members of a given rock type should have a similar F s . If this is true, for a given rock type, one of the controlling factors of petrophysical properties is parameter S b in addition to variation of the content of certain materials from one member to another. Figure 6 . J-function curve (a) and pore geometry-pore structure plot (b) for data set 1 with legends × denote SCAL samples Figure 7 . J-function curve (a) and pore geometry-pore structure plot (b) for data set 2 with legends × denote SCAL samples
Effect of Pore Geometry on Dry P-Wave Velocity (V pd )
The data of dry P-wave velocity (V pd ) obtained from the measurements conducted on all the rock samples were sorted according to the rock types. Figure 8 shows the plots of V pd against the pore geometry variable (k/φ) 0.5 for the data set 1 on the left side and the data set 2 on the right side of the figure. The two data sets have the same pattern where all the data points were separated to form clusters, each specifically representing a certain rock type. Without grouping the rock samples into rock types, the spreadness of the data points is quite large although Vol. 10, No. 8; 2016 there is a trend of increasing V pd as the pore geometry term decreases. This is mainly due to combined effects of porosity, grain sizes and shapes, and rock hardness. In general, for ungrouped rocks, a decrease in porosity results in a reduction of the permeability. For the sandstones under this work, the samples with very low porosity are characterized, in addition to finer grains, by the presense of denser materials such as calcite mineral, more cementing materials, and an increase in rock hardness. Such characteristics cause the effect of porosity more pronounced on V pd . Figure 8 . The influence of pore geometry(k/φ) 0.5 on dry P-wave velocity (V pd ) for data set 1and 2
It is more interesting to analyze the relationship between V pd and pore geometry on the rock type basis. Figure 8 demonstrates that all rock types have the same behavior in that V pd tends to get higher as pore geometry variable increases. As pore geometry here is equivalent to mean hydraulic radius, V pd increases with this radius. Starting with the poorest rock quality, the most left data points of several rock types seemly have the same trend line (see Figure 8 ). This behavior is not only due to both very low porosity and very low permeability but also both rock textures and the level of rock hardness are about the same. This level is determined by both the type and content or volume of the cementing material. The higher the density of the material and the larger the content, the harder the rock is. Furthermore, the more the volume of cementing materials, the lower the porosity would be. Since no data of the content of such materials is available for the sandstones used here, it could be expected that the lower both porosity and permeability measured on the samples of poorer rock types, typically shown in the last column of the tables, are probably due to higher volume of the cementing materials. It can be seen also in the second column of the tables that the level of hardness for the poorest rock types is hard to very hard. The cementing materials identified from thin section data are clays, calcite, pyrite, siderite, and dolomite (see Tables 2 and 3) . Therefore, the difference that makes higher velocity V pd for the poorest rock types is most likely a higher percentage of cementing materials and the type such as illite, calcite, dolomite, and siderite.
For rock types of better quality, those with smaller rock type numbers, the data points of neighbouring rock types are clearly separated. The cementing materials in these rock types are dominated by clays. The better the rock type quality, the lesser the amount of cementing materials, the stronger the role of pore geometry. As has been discussed above, pore geometry in each rock type is strongly controlled by the value of S b . According to Eq. (4), pore geometry variable is inversely proportional to S b squared. Porous rocks made up of smaller grains size tend to have higher S b . Oppositely, larger grain size produces lower S b . In cases of the sandstones employed here, the data of grain sizes are available for the two data sets. Although the amount is limited, the data of grain size versus pore geometry variable are plotted as presented in Figures 9(a) and 10(a) for data set 1 and data set 2, respectively. It can be seen in these figures that pore geometry variable tends to increase with grain size.
It has been described above that any given rock type has its own similarity in both tortuosity and pore shape factor. Thus, the only difference among the members of a rock type is just S b . According to Eq. (1), a lower S b will result in a higher (k/φ) 0.5 . A lower S b can be resulted from lesser number of pores or a decrease in porosity but relative bigger pore size. Thus, porosity reduction that results in an increase in (k/φ) 0.5 is an indication of a www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 8; 2016 larger mean hydraulic pore size or a bigger average pore throat size. It may be concluded that, for a given rock type, the increase in V pd with pore geometry (k/φ) 0.5 is due to a decrease in porosity followed by an increase in the average pore throat size. However, for a rock type with members demonstrating in the way around in that V pd decreases as (k/φ) 0.5 increases, the influence of porosity may be much stronger than that of the mean hydraulic pore size or pore throat size. This will be described further in the next section with some examples of the related data presented later in Table 4 . Figure 9 . Relations of pore geometry(k/φ) 0.5 (a) and pore structure (k/φ 3 ) (b) with grain size for data set 1 Figure 10 . Relations of pore geometry(k/φ) 0.5 (a) and pore structure (k/φ 3 ) (b) with grain size for data set 2
Effect of Pore Structure (k/φ 3 ) on Dry P-Wave Velocity (V pd )
According to Eqs. (1) and (2), parameters that affect either pore geometry or pore structure variable are principally the same. The effect of grain size on pore structure is also much the same as can be seen in Figures 9(b) and 10(b), showing an increase in grain size gives a higher pore structure variable. The effect of grain size on pore structure may be partly explained via the effect of grain size on S b as just described above. More than this, Eq. (2) states that porous rocks with lesser tortuosity, simpler pore shapes or a lower shape factor, and a lower specific internal surface area would have a higher value of the pore stucture term. These charateristics are normaly owned by good to excellent quality rock types. Conversely, lower quality rock types are those with higher tortuosity and more complex pore shapes or a higher shape factor, resulting in a lower value of pore www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 8; 2016 structure term, more complex pore structure.
The pore structure variable is much higher in value than that of pore geometry one as the former is inversely proportional to porosity to the power of three. A very low porosity combined with a relatively high permeability would yield high value for the pore structure variable. Figure 11 demonstrates the relation of pore structure variable to V pd for sandstones data set 1 and data set 2. It looks much the same like the relationship between pore geometry variable and V pd (see Figure 8) . However, as depicted in Figure 11 , the separation of the data points of several lower quality rock types is less clear due to overlapping when compared with that seen in Figure 8 for the effect of pore geometry on V pd . This is because the numerical values of pore structure variable among the very low quality rock types are closely the same.
Even though, as can be seen in Figure 11 , some data points of several rock types behave differently in that V pd decreases or is relatively constant as (k/φ 3 ) increases. Table 4 typically shows such a behavior. It would be expected that V pd increases with permeability as shown by Klimentos (1991) . This is true in our cases here for any given rock type as long as the increase in permeability is followed by porosity reduction. However, Table 3 says quite differently. This behavior can be explained as the following, as described in the previous section. The concept of rock typing or grouping as given by Eq. (4) assumes the same tortuosity and pore shape for all the members of a rock type or group. Consequently to the group, k/φ 3 is strongly influenced by specific internal surface area S b . Therefore, the typical cases presented in Table 4 may be interpreted that, by ignoring the effect of materials composing the samples, the effect of the permeability increase on the velocity was probably suppressed by the influence of higher both porosity and S b because the increase in these two parameters reduces the velocity. Figure 11 . The influence of pore structure (k/φ 3 ) on dry P-wave velocity (V pd ) for data set 1 and 2 
Dry P-Wave Velocity (V pd ) Prediction
The relationship between P-wave velocity and combined permeability-porosity is rarely found in the literature.
www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 8; 2016 Several attempts were made to relate P-wave velocity with porosity and clay content (Han et al., 1986; Klimentos, 1991; Vernik, 1992) . Prasad (2003) found that the velocity correlated systematically with permeability when his rock samples were grouped by applying the hydraulic unit concept. It may be preferable to predict P-wave velocity based on two important reservoir parameters, permeability and porosity. The results presented in Figures 8 and 11 can then be used to develop correlations for those rock properties involved.
Since the measurements of all the rock properties were conducted at ambient conditions, it is assumed that the fluid residing the pores is air and the P-wave velocity for air is about 331.45 m/s. Furthermore, the concept of rock typing implemented in this study says that all rock types that includes ideal capillary systems have a convergence point at which both pore geometry and structure of the pores of all the porous systems are indistinguishable (Wibowo, 2014) . This author determined the convergence point at (k/φ) 0.5 = 0.045 and k/φ 3 = 0.002. This means that the porous rocks, at this point of convergence have the same property, possibly including the wave velocity V pd . Since no distinction of both pore geometry and structure could be made among all rock types at the convergence point, it is assumed for practical purposes that this situation holds for infinitely small capillary tubes a porosity value of 1.0, yielding V p of the fluid containing the pores. Consequently, the correlations of V pd against either (k/φ) 0.5 or k/φ 3 developed in the present study has a convergence point at a point (V pd , (k/φ) 0.5 ) = (331, 0.045) or (V pd , k/φ 3 ) = (331, 0.002). Taking these as the requirements for generating the regression line for each rock type established, the results are shown in Figures 12 and 13 , respectively, for data set 1 and data set 2. The summary of the regression equations is given in Tables A-1 and A-2. As depicted in (5) and (6) below.
where c and d are constants and p and q are exponents, which all rock type dependence. Tables A-1 and A-2 for predicting V pd was performed. By using permeability and porosity values of the samples of the corresponding rock type, the predicted V pd was then compared with the values of V pd measured. For V pd against (k/φ) 0.5 , the comparisons are exhibited in Figures14a and 14b, giving average relative errors ARE = 10.4% and 7.7%, respectively, for data set 1 and data set 2. Likewise for V pd versus k/φ 3 , the predictions are presented in Figure 15a and 15b, yielding ARE = 9.0% and 6.8%, respectively, for data set 1 and data set 2, which are lower than those obtained from When rock grouping or rock typing was not made, the relationships of V pd with (k/φ) 0.5 and k/φ 3 , respectively, are shown in Figures 16 and 17 , depicting also both the equations and the correlation coefficients R 2 of the trend lines. As expected, the R 2 is very low for all the relations. The use of these equations by plugging in the permeability and porosity values of each data set to calculate V pd and comparisons made with the measured V pd result in those given in Figures A-1 and A-2 , respectively, for data set 1 and data set 2. The average relative errors ARE calculated for V pd versus (k/φ) 0.5 are 15.3% and 11.4%, respectively, for data set 1 and data set 2. The prediction based on V pd against k/φ 3 yields ARE = 16.9% and 12.8% for dataset 1 and data set 2, respectively. These average relative errors are considerably higher than those resulted from rock grouping above. 
Conclusion
1. The effect of pore attributes, pore geometry and pore structure, on dry P-wave velocity at ambient conditions have been conducted for porous and permeable sandstones.
2. Two data sets of sandstones were employed. Grouping the rock samples on the basis of pore structure similarity, similarity in both tortuosity and pore shape factor, provides a clearer explanation of the effects of pore attributes on dry P-wave velocity.
3. For a given rock group or rock type, an increase in either pore geometry or pore structure is due to a decrease in both specific internal surface area and porosity but producing a larger mean hydraulic radius, which all give rise to an increase in dry P-wave velocity.
www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 8; 2016 4. The effect of permeability increase on dry P-wave velocity could be suppressed by the influence of higher both porosity and specific internal surface area because the increase in these two parameters reduces pore geometry and thus the velocity.
5. Prediction of dry P-wave velocity was best obtained when the rock samples were rock typed and on the basis of relation between V pd and pore structure k/φ 3 , giving relative errors of 9.0 % and 6.8% for data set 1 and data set 2, respectively. 3 )for ungrouped samples data set 1 (a) and data set 2 (b)
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